Knowledge of the mechanism of human skin colour and measurement of melanin and blood concentration in human skin are needed in the medical and cosmetic fields. The absorbance spectrum from reflectance at the visible wavelength of human skin increases under several conditions such as a sunburn or scalding. The change of the absorbance spectrum from reflectance including the scattering effect does not correspond to the molar absorption spectrum of melanin and blood. The modified Beer-Lambert law is applied to the change in the absorbance spectrum from reflectance of human skin as the change in melanin and blood is assumed to be small. The concentration of melanin and blood was estimated from the absorbance spectrum reflectance of human skin using multiple regression analysis. Estimated concentrations were compared with the measured one in a phantom experiment and this method was applied to in vivo skin.
Introduction
Measurement of melanin and blood concentration in human skin is needed in the medical and cosmetic fields because human skin colour mainly depends on the colours of melanin and blood (Feather et al 1988) . To measure them from the reflectance spectrum of human skin, it is necessary to analyse light propagation in human skin at the visible wavelength range. This analysis, however, has not been established because the multi-layered structure and strong forward scattering of human skin complicates light propagation.
The methods of analysing the reflectance spectrum of human skin are put into two categories. One of them is calculation of light propagation at each wavelength. For a strong forward scattering medium such as biological tissue, it is possible to approximately solve the reflectance by the Monte Carlo method Jacques 1992, Wang et al 1995) . Though the Monte Carlo method has come to be used for the analysis of skin colour as computers have been developed (Kienle et al 1995 , Verkruysse et al 1999 , Barton et al 1998 , Lu et al 2000 , this method needs a lot of calculation time. The Kubelka-Munk theory describing light propagation in only two directions had previously been used widely for the colour analysis of the scattering medium (Hasegawa et al 1981 , Anderson et al 1980 , van Gemert et al 1989 , Wan et al 1981 . These methods require the optical coefficient and geometrical information of each layer and neglect information of the shape of the reflectance spectrum of human skin.
Another category is statistical spectrum analysis. It is useful for a limited object such as reflectance spectra of skin. Principal component analysis (Imai et al 1996 , Tsumura et al 1999a and independent component analysis (Tsumura et al 1999b) are applied to image processing and measurement of melanin and blood concentration. These methods use only reflectance spectra and it is difficult to incorporate the optical and geometrical information of human skin.
We proposed multiple regression analysis (Johnson and Bhattacharyya 1996) based on the modified Beer-Lambert law (Nomura et al 1997 , Hiraoka et al 1993 , Delpy et al 1988 , Matcher 1993 as the spectrum analysis of human skin (Shimada et al 2000) . This method incorporates multiple regression analysis as spectrum analysis, and the modified Beer-Lambert law as a light propagation model. It is possible to measure melanin and blood concentration by this method in a shorter calculation time.
Theoretical formulation

The modified Beer-Lambert law with average geometrical path lengths in scattering media
An absorbance spectrum A(λ) at each wavelength λ is defined from the reflectance spectrum R(λ) of the skin of the face or arm which is considered to be a semi-infinite medium A(λ) = −log 10 R(λ).
(1)
A(λ) of the homogeneous medium is shown as the modified Beer-Lambert law
where ε(λ) is a molar absorption coefficient (Anderson et al 1980, Anderson and , C is the molar concentration,l(λ) is the mean path length and G(λ) is scattering loss. A(λ) of a multi-layered medium whose scattering and molar absorption coefficient are different from each layer is expressed as the sum of absorbance of each layer A i (λ) (i = 1, . . . , m), as shown in figure 1 .
The subscript i denotes the ith layer.l i (λ, C i ) is the mean path length of the ith layer. short as C i increases while G(λ) is independent of C i . The change ofl i (λ) is large as scattering strengthens. It is possible to approximatel i (λ)
is defined as a change in the absorbance spectrum caused by a change of concentration of the ith chromophore C i :
This equation shows
, that is to say, the effect of scattering, is of a different shape from that of ε i (λ).
Multiple linear regression analysis
A relationship between two variable sets x ij and y j (i = 1, 2, . . . , p) (j = 1, 2, . . . , q) is expressed as a linear equation
x ij and y j are named as a predictor variable and a response variable, respectively. p is the number of the predictor variable and q is the number of the set including the p predictor variables and the response variable. e j is unknown error components that cannot be explained by x ij . The multiple regression analysis is to estimate unknown parameter β i from equation (5) using the least squares fitting.ŷ i andβ i denoting y i and β i estimated by the regression analysis, respectively, are expressed aŝ
The strength of the linear relation R 2 is defined as the square of the coefficient of correlation R
whereȳ j andȳ j show the average of y andŷ, respectively, and these values correspond. R 2 is from 0 to 1 and the approximation is good as R 2 is nearer to 1.
Application of the modified Beer-Lambert law to human skin
Human skin is divided into three layers, epidermis, dermis and subcutaneous fat from the surface (Anderson et al 1980 , van Gemert et al 1989 . Melanin and blood in vessels, two main chromophores in human skin, are in the epidermis and the dermis, respectively. To simplify, the subcutaneous fat including no remarkable chromophores is assumed to completely diffuse and reflect light at the whole visible wavelength. The change in scattering properties is neglected because the scattering properties of the chromophores are not as the strong as the dermis.
The change in C m and C b in human skin is assumed to be so small thatl(λ) is independent of the concentrations of the chromophore C. The subscripts 'm' and 'b' denote melanin and blood. The absorbance spectrum of skin A skin (λ) is expressed as
where A 0 (λ) is a spectrum of all chromophores in human skin except melanin and blood. Equation (8) is translated to (10) using equation (4):
l i (i = m, b) of equation (11) and that of equation (8) 
using multiple regression analysis.
Experiments
Fabrication of skin phantoms and measurement of their reflectance spectra
To simplify, the human skin was assumed to consist of three layers: epidermis including melanin, dermis including blood and subcutaneous fat. A gelatin solution was prepared by mixing gelatin powder (Miyagi Chemical Industrial Co. Ltd., Japan) with distilled water at a weight ratio of 33.3%. Scattering matter of epidermis phantoms was fabricated by adding intralipid (PharmaciaAB, Sweden) to the gelatin solution of 5% weight ratio. Squid ink whose principal component is melanin was used instead of pure melanin because pure melanin is unavailable. We name the squid ink solution as melanin in this paper. The melanin solutions of 0.0, 0.025, 0.050, 0.075, 0.100 g were injected in the scattering matter of epidermis (10.0 g) and mixed to make the homogeneous phantoms. Temperature of the scattering matter was kept at about 40 degrees during the making of the phantoms to avoid change in the scattering coefficient. If it is too hot, water in the scattering matter evaporates. If it is too cold, the scattering matter hardens. The scattering matters with different melanin concentrations (6.0 g) were hardened in dishes with a diameter of 60 mm to fabricate the five kinds of epidermis phantoms with thickness of 2.5 mm. The scattering matter of the dermis phantom was fabricated by adding intralipid to the gelatin solution of 13.3% weight ratio. After the blood was heparinized and shaken in the air to oxygenate, the blood ( and an epidermis phantom as shown in figure 2 and made 25 kinds of three-layered skin phantoms. All reflectance spectra of skin phantoms were measured by the UV-3100 UV-VIS-NIR spectrophotometer (Shimadzu, Japan) at the whole wavelength from 400 to 700 nm with a 10 nm pitch. The ISR-3100 integrating sphere (Shimadzu, Japan) with a 60 mm of diameter is corporated into the spectrophotometer for measurement reflectance spectra. The input and detected area for reflectance measurement were 7 × 9 mm and 18 mm in diameter, respectively. The absorbance spectra of the chromophores were obtained from transmittance spectra −log 10 T (λ).
Melanin and blood were dissolved in saline with the weight ratio 0.5 and 1%, respectively. We measured the transmittance spectra of the chromophore solution in the cell with thickness of 10 mm by the UV-3100 UV-VIS-NIR spectrophotometer at the whole wavelength from 400 to 700 nm with a 10 nm pitch. The absorbance spectra of skin phantoms were obtained from reflectance spectra −log 10 R(λ).
In vivo measurement of reflectance spectra of the skin exposed to UV light and hot water
A reflectance spectrum of human skin changes through exposure to UV light or hot water because of an increase in melanin and blood. Reflectance spectra of three persons' arms were measured before and 2, 9 and 16 days after exposure to UV light of 2MED at the same position. 1MED is the minimum erythermal dose and is defined as UV energy received for a precise period of time. Reflectance spectra of five other persons' arms were measured before and 2, 6, 31 and 61 min after bathing in water at 47 • C for 3 min. All reflectance spectra of human skin were measured by the CM-1000HR colorimeter (Minolta Co., Japan) with the integrating sphere at the whole wavelength from 400 to 700 nm with a 10 nm pitch.
Results and discussion
Estimation of melanin and blood concentrations in the skin phantoms
The five epidermis phantoms are named E(i) phantom (i = 0, 1, 2, 3, 4) in which i means the five kinds of concentration of melanin. In the same manner, the five dermis phantoms named D(j ) phantom (j = 0, 1, 2, 3, 4) in which j means the five kinds of concentration of blood. The three-layered skin phantoms which consist of E(i) phantom, D(j) phantom and subcutaneous fat phantom are If A m (λ) in equation (10) is defined as the average of change in the absorbance spectrum when i increases by only one, A m (λ) follows as
named E(i)D(j ) phantom. A E(i)D(j ) (λ) is the absorbance
In the same manner, A b (λ) was defined as
A m (λ) and A b (λ) are shown in figure 4(a) and (b), respectively. The absorbance spectra of melanin and blood dissolved in saline are shown in figures 4(a) and (b), respectively.
The shapes of the absorbance spectra are equivalent to ε m (λ) and ε b (λ) if the scattering effects are ignored. To compare the absorbance spectra with A i (λ) (i = m, b) in figures 4(a) and (b), we find that the shapes and peaks in the latter correspond to those in the former, respectively. The peaks of the absorbance spectra of blood in the shorter wavelength range is much higher than those in the longer wavelength range, while the peaks in the shorter wavelength range A b (λ) are lower than those in the longer wavelength range. This is becausē l i (λ) is shortened by a strong scattering of intralipid and strong absorbance of melanin or blood in the shorter wavelength.
were estimated by multiple regression analysis if A 0 (λ) and A skin in equation (10) respectively. The typical estimated absorbance spectrum is shown in figure 5 . R 2 averaged over 25 three-layered skin phantoms is 0.977. This result shows that estimation by multiple regression analysis is reasonable.
We defined weight concentration C as C/M where M is a molecule of absorption material. 
Estimation of melanin and blood concentration in the human skin in vivo
The concentration of melanin maximizes about 2 weeks after exposed by UV ray. By subtracting the absorbance spectrum after 16 days from that before, we can obtain the change in this spectrum which is assumed to be caused by melanin increase in the skin. As the same skin phantom, A m (λ) was defined as a square root of the average of the square of change in the absorbance spectra over the three persons. absorption spectrum of melanin (Anderson et al 1980, Anderson and . The shape of A m (λ) is monotonic to the wavelength and similar to the molar absorption spectrum of melanin. A m (λ), however, is distorted by the scattering effect and the slope is gentler than in the molar absorption spectrum.
The change in the absorbance spectra before and after bathing is supposedly caused by an increase in blood in human skin. A b (λ) was defined in the same manner from the change in the absorbance spectra before and after 2 min of the five persons. Figure 7(b) shows A b (λ) and the molar absorption of three chromophores in blood: oxy-haemoglobin, deoxyhaemoglobin and bilirubin. Comparing the molar absorption spectra of the three chromophores with A b (λ), we find A b (λ) were distorted byl i (λ). The distortion for blood is larger than for melanin because the scattering and thickness of dermis are larger than in the epidermis. Equation (10) was applied to the absorbance spectra of in vivo skin to perform multiple regression analysis. A 0 (λ) for in vivo skin was supposed to be independent of wavelength. The typical estimated absorbance spectrum is in good agreement with the measured one in figure 8 . The average of R 2 is 0.975 for eight persons.
Figure 9(a) shows estimated C m / C m and estimated C b / C b which were obtained from the absorbance spectra of skin exposed to UV light. After exposure to UV light, blood in human skin increased temporarily and then returned to normal condition, while melanin increased monotonously. Figure 9 (a) clearly describes these phenomena. In the same manner, figure 9(b) shows estimated C m / C m and estimated C b / C b which were obtained from the absorbance spectra of skin bathing in hot water. After bathing in hot water, blood in human skin increases while melanin does not change. Figure 9 (b) clearly describes these phenomena too.
Conclusion and discussion
The absorbance spectra of human skin and skin phantoms were clearly explained by A m (λ) and A b (λ) caused by a change in melanin and blood concentration using multiple regression analysis based on the modified Beer-Lambert law. If C m and C m are known, it is possible to estimate melanin and blood concentration in a short calculation time. If the change in concentration of chromophores is large, A i (λ) is not proportional to C i (Delpy et al 1988 , Matcher et al 1993 becausel i (λ) decreases as the concentration of chromophores increases. What is worse, the absorbance of the whole blood is a non-linear function of the concentration of haemoglobin (Lipowsky et al 1980) . The non-linear effect should be considered for high accuracy measurement.
We should pay attention to the change of oxygen in blood after burns. A b (λ) at 600-700 nm is negative because of an increase in oxy-haemoglobin whose molar absorption coefficients are smaller than deoxy-haemoglobin. The individual variations of A b (λ) are so large that some spectra do not have a peak of bilirubin, the other spectra have the largest peak at 430 nm.
The increase of absorbance spectra caused by increase in melanin and the strong scattering of human skin are large at the shorter wavelength and gradually decrease as the wavelength is longer. It is difficult to distinguish these effects. Estimated C m causing lack of melanin is not zero.
The R 2 of all spectra of human skin is higher than 0.95. Our model is not complete but reasonable for expressing the macroscopic light propagation of human skin.
